Nafion
® /SiO 2 composite membrane fabrication 2.1 Membrane fabrication Nafion/SiO 2 composite membranes were prepared via an in-situ sol-gel reaction of tetraethylorthosilicate (TEOS), as that of Ref (Mauritz, Stefanithis et al. 1991) . In our previous work (Ke, Li et al. 2010; Ke, Li et al. 2011 ), a technique in controlling silicate nanoparticle diameter in preparation of Nafion/SiO 2 composite membranes was put forward. The detailed process is shown as follows. Firstly, the Nafion (NRE212) membrane (DuPont, USA) was dried in the vacuum drying oven at 80°C for 12h. Then, the membrane was dipped into the CH 3 OH/H 2 O solution (30°C) and kept in the CH 3 OH/H 2 O solution for 1 h. After that, the sample was taken out and the remnant liquid on the surface of the membrane was rubbed out with filter paper. The sample was then immerged into CH 3 OH/TEOS solution (30°C) to carry out the in-situ solgel reaction for 3 minutes. The diameter of SiO 2 nanoparticle incorporated in Nafion was controlled by changing the in-situ sol-gel reaction reactant concentrations. After reaction, the sample was kept in the vacuum drying oven at 80°C for 48 h, and then Nafion/SiO 2 composite membrane was obtained. In this work, the content of the SiO 2 incorporated into Nafion is 8.5wt.% with a statistical diameter of 10 nm. Before the subsequent measurements, all the composite membranes were pretreated with the process as follows. Firstly, membranes were kept in H 2 O 2 (5wt%, 80°C) for 1 h, followed by rinsing them with de-ionized water (80°C) for two times. Then membranes were soaked in H 2 SO 4 (0.5M, 80°C) for 1 h. Finally, membranes were rinsed with de-ionized water (80°C) repeatedly until the PH of the washing water was around 7.
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For the ex-situ research of the mechanism of sulfonation, the powder of SiO 2 nano-particles was also sulfonated by concentrated H 2 SO 4 (98%, 80 °C), just as the sulfonation process of Nafion/SiO 2 composite membrane. The sulfonation time was 10 h, for the powder SiO 2 .
Membrane sulfonation
The above obtained Nafion/SiO 2 composite membranes were dried in vacuum drying chamber for 24 h. Then the samples were soaked in concentrated H 2 SO 4 (98%, 80 °C) for certain time (4, 10, and 16 h) to sulfonate the composite membrane. The concentrated H 2 SO 4 treated membranes were then soaked in de-ionized water (80 °C) for 12 h, and rinsed with de-ionized water until the washing water exhibited neutral. Nafion/SiO 2 sulfonated for 4, 10 and 16 h are signed as Nafion/S-SiO 2 -4h, Nafion/S-SiO 2 -10h and Nafion/S-SiO 2 -16h, respectively. For the ex-situ research of the mechanism of sulfonation, the powder of SiO 2 nano-particles was also sulfonated by concentrated H 2 SO 4 (98%, 80 °C), just as the sulfonation process of Nafion/SiO 2 composite membrane. The sulfonation time was 10 h, for the powder SiO 2 .
3. Spectroscopic studies of Nafion/SiO 2 composite membranes 3.1 FT-IR spectra Spectroscopic methods are powerful tools for analysis of the chemical structure of the sample. In order to understand the mechanism of the sulfonation of the Nafion/SiO 2 composite membrane, several spectroscopic methods are used synthetically. The FT-IR spectra of the membranes were collected from 400 cm -1 to 1200 cm -1 , using a Bruker Vector22 (Bruker Optics, Germany) FT-IR spectrometer at a resolution of 4 cm −1 in absorption mode. FT-IR of the powder SiO 2 and sulfonated SiO 2 (S-SiO 2 ) nano-particles were also performed, in order to avoid the background signal of the Nafion matrix. The IR spectra of the untreated SiO 2 and the sulfonated S-SiO 2 were recorded with potassium bromide tabletting in transmission mode. Figure 1 (a) exhibits the FT-IR spectra of the Nafion, Nafion/SiO 2 , Nafion/S-SiO 2 -4h, Nafion/S-SiO 2 -10h, and Nafion/S-SiO 2 -16h. In fact, as we can see, it is a little difficult to distinguish the structure change of the Nafion/SiO 2 composite membrane after sulfonation from Figure 1 (a) . This maybe caused by -SO 3 H groups in the side chains of Nafion, which is much adverse for the identification of the -SO 3 H that maybe attached to the surface of SiO 2 nano particles. Therefore, in this experiment, an ex-situ characterization method was adopted. Powder SiO 2 nano-particles were prepared outside the Nafion membrane via a solgel reaction of TEOS. Then the obtained SiO 2 was sulfonated (signed as S-SiO 2 ) by concentrated H 2 SO 4 for 10 h at 80 °C as mentioned in section 2.2. Figure 1 (b) illustrates the spectra of the obtained SiO 2 and sulfonated S-SiO 2 . It is shown that the peak at 3400 cm -1 , which is the characteristic signal of -OH, is widened after sulfonation. It is generally acknowledged that the widening of the hydroxyl peak is caused by the hydrogen bond. It suggests that there are strong hydrogen bonds in the sulfonated SSiO 2 . This should be caused by the interaction between surface -OH groups of SiO 2 nanoparticles and H 2 SO 4 molecules. However, characteristic peaks of the -SO 3 H group are located in 1000-1100 cm -1 , which coincides with the strong absorption band of symmetric and anti-symmetric vibration of the Si-O-Si. For this reason, the structure signal of -SO 3 H is not clear by FT-IR. FT-IR spectra of Nafion, Nafion/SiO 2 and sulfonated Nafion/S-SiO 2 composite membranes; (b) FT-IR spectra of sol-gel derived SiO 2 and the sulfonated S-SiO 2 . (Ke, Li, et al., 2011) 3.2 UV Raman spectra UV resonance Raman spectra were recorded at room temperature using a home-made UV resonance Raman spectrograph of State Key Laboratory of Catalysis (Dalian institute of Chemical Physics) at a resolution of 2 cm -1 . The laser line at 325 nm of a He-Cd laser was used as an exciting source with an output of 25 mW. From FT-IR, it suggests the existence of strong hydrogen bond in the S-SiO 2 . However, whether the -SO 3 H groups are chemically attached to the surface of the SiO 2 nano-particles, or how the -SO 3 H groups interact with SiO 2 nano-particles remains unclear. UV resonance Raman spectroscopy (UVRRS) is a powerful tool for surface species detection & identification. Therefore, in this experiment the UVRRS spectra of SiO 2 and S-SiO 2 were recorded, using a home-made UV Raman Resonance Spectrograph. The UVRRS spectra of SiO 2 and S-SiO 2 are shown as Figure 2 . It can be seen that the scattering pattern of SiO 2 is m u c h d i f f e r e n t f r o m t h a t o f t h e s u l f o n a t e d S -S i O 2 . For the scattering pattern of the sulfonated S-SiO 2 , the peaks at 873 cm -1 and ~620 cm -1 disappear, and a new peak at 710 cm -1 emerges. Besides, the band around 400 cm -1 is broadened after sulfonation. Fig. 2 . UV Raman spectra of sol-gel derived SiO 2 and the sulfonated S-SiO 2 . (Ke, Li, et al., 2011) It is well known, the scattering peaks at ~620 cm -1 and 873 cm -1 could be attributed to the so called D2 defect structure (strained three-membered rings) and strained 2-fold rings (edgesharing tetrahedra) respectively (Brinker, Kirkpatrick et al. 1988) , which form primarily on the silica surface by condensation reactions involving isolated adjacent silanol groups (Brinker, Tallant et al. 1986 ). After sulfonation, the ~620 cm -1 and 873 cm -1 peaks disappear, suggesting that a reverse reaction of surface condensation occurs during sulfonation. And the new peak at 710 cm -1 should be due to the new surface specie (Si-O-SO 3 H) forming. From the UVRRS results, it is clearly seen that sulfonation affects the surface structure of the SiO 2 nano-particles to a large degree. The chemical bond assembled between sulfonic group and SiO 2 nano-particles is responsible for covering the proton conductivity loss of the Nafion/SiO 2 composite membrane.
Physic-chemical properties of Nafion/SiO 2 composite membranes

Water uptake
For the water-uptake evaluation, to remove the residual water, the membrane was firstly dried in vacuum drying oven for 12 h at 60°C. Then, the membrane was quickly taken out from the oven and weighed precisely. The weight of the dry membrane was signed as W dry . After that, the membrane was soaked in de-ionized water at certain temperature (40°C, 60°C, or 80°C) for 24h. The weight of the wet membrane was signed as W wet . The wateruptake (Wu) can be calculated by the following equation:
(1) Fig. 3 . Water uptakes of Nafion, Nafion/SiO 2 and Nafion/S-SiO 2 composite membranes sulfonated for 4h, 10h, and 16h. (Ke, Li, et al., 2011) The water uptakes of Nafion, Nafion/SiO 2 , Nafion/S-SiO 2 -4h, Nafion/S-SiO 2 -10h, and Nafion/S-SiO 2 -16h at 40, 60, and 80 °C are shown in Figure 3 . It shows that the Nafion/SiO 2 has a higher water uptake than the unmodified Nafion at the considering temperature region. At the temperature of 80 °C, the water uptake of the Nafion is 35%, while Nafion/SiO 2 has water up take of 56%, much higher than that of the unmodified Nafion. That should attribute to the hydrophily of the SiO 2 nano particles, of which the surface -OH groups have excellent capability of water maintenance. However, after treatment with concentrated sulfuric acid, the water uptake of the composite membrane decreases. And, it descends synchronously as the sulfonation time ascends.
Proton conductivity
Electrochemical Impedance Spectroscopy (EIS) was carried out to measure the proton conductivities of the membranes, using a Solartron impedance/ and Z-view software were used to control the measurement process. The amplitude of the AC signal was 20 mV, and the frequency was set from 100 Hz to 1 MHz. All samples were soaked in de-ionized water at 40 °C for 24 h and then sealed between two carbon-paper electrodes with an area of 0.332 cm 2 for measurement. The conductivity could be calculated using the following equation:
Where, σ is the proton conductivity of the membrane, R is the resistance of the membrane, and the sign L as well as A stands for the thickness of the membrane and the area of the electrode, respectively. The EIS plots of the membranes are shown as Figure 4 . It could be seen that the membrane resistance of Nafion/SiO 2 is higher than that of the unmodified Nafion. It suggests that SiO 2 nano-particles incorporated into the Nafion matrix block the conduction of protons. Therefore, in this chapter we sulfonated the Nafion/SiO 2 composite membrane on the purpose to cover the conductivity loss caused by the SiO 2 . In Figure 4 , it could be seen that the membrane resistances of the Nafion/S-SiO 2 (4h, 10h, and 16h) composite membranes are lower than that of the un-sulfonated Nafion/SiO 2 composite membrane. It proves that the sulfonation is an effective method to cover the shortcoming of Nafion/SiO 2 composite membrane on proton conductivity. Fig. 4 . Proton conductivities of Nafion, Nafion/SiO 2 and Nafion/S-SiO 2 composite membranes sulfonated for 4h, 10h, and 16h. (Ke, Li, et al., 2011) 
Diffusion coefficient of water
Water transport in the Nafion membrane influences the proton transport in the membrane (Sumner, Creager et al. 1998; Inzelt, Pineri et al. 2000) , so it is important to understand the transport process in the fuel cell. Water balance in the membrane depends on the interaction among the three kind of water transmission mechanisms---electroosmosis, back diffusion and hydraulic permeation. Membrane water diffusion coefficient as the PEMFC water transmission process's key parameter has attracted many attentions (Nguyen and White 1993; Zawodzinski, Jr. et al. 1993; Motupally and Becker 2000) . However, most of the studies were based on the Nafion membrane. Researches on the water diffusion coefficient in the modified Nafion membrane are few. Nicotera (Nicotera, Zhang et al. 2007; Nicotera, Khalfan et al. 2008 ) et al used pulse gradient field spin echo nuclear magnetic resonance technology (PFGSE-NMR) obtain the water diffusion coefficient of the recast Nafion/SiO 2 composite membrane, but they did not connect the composite membrane waters' diffusion coefficient with the SiO 2 content and the temperature. In this work, the diffusion coefficient of water across the Nafion212/SiO 2 composite membranes with different SiO 2 content were measured through steady state permeation, and an empirical correlation of the water apparent diffusion coefficient of Nafion212/SiO 2 composite membrane as a function of SiO 2 content and temperature was presented. A pseudo fuel cell, consisting of the measured membrane sandwiched between two GDLs, was used to measure the water flux through the membrane. Figure 5 is the scheme of the experimental setup. In the process, preheated water was circulated through one side of the fuel cell and dry air passed through the other side. As the gas traversed the length of the cell, its humidity increased due to the diffusion of water across the membrane. To measure the amount of water diffusion across the composite membrane, the air exiting the cell was passed through a tube filled with silica gel. Gravimetric analysis was conducted by precision analytical balance. The temperatures of intake air, the preheated water and the fuel cell were kept consistent. Water flux through the composite membrane under different operating conditions was measured by adjusting the air flow rate and temperature. In the experiment, water diffusion coefficients of Nafion/SiO 2 composite membranes with weight content of silica from 7.8% to 16.6% were measured and the area of the pseudo fuel cell is 5 cm 2 . Figure 6 displayed the water flux through the Nafion212/SiO 2 composite membrane with different content of SiO 2 as a function of the inlet gas flow rate of air at different operating temperatures. From this figure, the water flux through the composite membrane increases with the increasing of the temperature. At the same temperature, the water flux through the composite membrane increases with the increasing of the SiO 2 content, which may be caused by the water apparent diffusion coefficient. Fig. 6 . Water flux of Nafion212/SiO 2 composite membrane with different content of SiO 2 as a function of the inlet gas flow rate of air at different operating temperatures. (Qu, Li, et al. , 2011) Assumed that the water transfer across the membrane was the control step, the water concentration gradient across the membrane was the driving force for the water diffusion. According to the Fick's first law, the water diffusion flux was Figure 7 . It was clearly seen that the water apparent diffusion coefficient of Nafion212 membrane was lower than that of Nafion/SiO 2 composite membrane, and the diffusion coefficient of composite membrane increased with the increase of SiO 2 content. Temperature / K Nafion212 Nafion212/SiO 2 -7.8% Nafion212/SiO 2 -10.5% Nafion212/SiO 2 -16.6% Fig. 7 . The water apparent diffusion coefficient of Nafion212/SiO 2 composite membrane with different content of SiO 2 as a function of temperature. (Qu, Li, et al. , 2011) Assumed that the water apparent diffusion coefficient of the Nafion212/SiO 2 composite membrane and temperature were consistent with Arrhenius equation, that was
Equation (4) was carried on the linear regression to Nafion212/SiO 2 composite membrane's w lnD and 1000/T, as shown in Figure 8 . The results showed that the w lnD was linear correlation with 1000/T in the temperature range from 303 to 353K. This demonstrated that the assumption was right. The apparent diffusion activation energy (Ea) and preexponential factor of the composite membrane was obtained through linear fit in Figure 8 , listed in Table 1 . The apparent diffusion activation energy of the Nafion212 membrane was higher than that of the Nafion212/SiO 2 composite membrane, indicated that water diffusion was easier in the Nafion212/SiO 2 composite membrane. The comparison of water apparent diffusion coefficient of the Nafion212/SiO 2 composite membrane calculated using this empirical correlation and the experimental data was shown in Figure 9 , with a difference in less than 10%. Therefore this empirical correlation can be used to represent the relationship between the water apparent diffusion coefficient of the Nafion212/SiO 2 composite membrane and SiO 2 content and temperature. 
Nafion212
Nafion212/SiO2-7.8% Nafion212/SiO2-10.5% Nafion212/SiO2-16.6% Fig. 9 . Comparison of the empirical correlation predicted and experimental water apparent diffusion coefficient of composite membrane. (Qu, Li, et al. , 2011) 5. High temperature PEM fuel cell technologies
Fuel cell performance
All membrane electrode assemblies (MEAs) were prepared via a hot-pressing process. The Gas Diffused Electrode (GDE) was prepared first. In preparation of GDE, carbon paper from Toray, 20wt.% Pt/C from E-TEK, PTFE suspension and Nafion solution (DuPont, USA) were used. Carbon powder and PTFE suspension (DuPont, USA) were well mixed with ethanol under ultrasonic for 30 min, and spray-coated on side of the previous PTFE-treated carbon paper (Toray, Japan). The carbon paper was desiccated at 245 °C for 30min to eliminate the surfactant of PTFE suspension, and then 350 °C for 1 h. Catalyst inks were prepared by mixing 20wt.% Pt/C (E-TEK), 5 wt.% Nafion solution, and isopropanol. The mixture was sonicated for 30min and spray-deposited onto the carbon powder layer of the above treated carbon paper. Then the carbon paper was desiccated at 245 °C for 30min to eliminate the residual solvent, and then 350 °C for 1 h. Finally, Nafion solution (~2% with ethanol) was spray-deposited on to the catalyst layer. After dried at 100 °C for 2 h, the electrode is obtained. The contents of Nafion and PTFE in the catalyst layer are both 23.6 wt. %. Both the loadings of Pt/C catalyst on the anode and cathode were 0.4 mgPt.cm −2 . Then, two pieces of gas diffused electrode with effective area of 5 cm 2 were hot-pressed onto one piece www.intechopen.com
High Temperature PEM Fuel Cells Based on Nafion ® /SiO 2 Composite Membrane 291 of membrane to fabricate an MEA. The MEA was sandwiched into a single cell with stainless steel end plates and graphite groove flow fields as current collectors. The performance of the fuel cell was evaluated by polarization curve measurement at the temperatures of 60°C and 110°C, respectively. The H 2 and O 2 were fed into the fuel cell in co-flow mode. When the cell was operated at the temperature of 60°C with fully humidified H 2 /O 2 gases, the flow rates of inlet gases were adjusted with current density to maintain the utilization of H 2 at 70% and O 2 at 40% for various current densities. When the cell was operated at the temperature of 110°C with H 2 /O 2 gases and the relative humidity (RH) of 59%, the inlet gases were controlled at fixed flow rates of 35 and 100ml.min -1 respectively. All MEAs were evaluated under an absolute pressure of 0.3 MPa. Figure 10 gives the I-V curves of these membranes: Nafion NRE212, Nafion/SiO 2 , Nafion/SSiO 2 -4h, Nafion/S-SiO 2 -10h, and Nafion/S-SiO 2 -16h. It can be seen from the Figure 10 shows that the PEMFC single cell performance of each of the three sulfonated Nafion/SSiO 2 membranes is enhanced compared to that of the un-treated Nafion/SiO 2 during almost the whole considering current density range, at 110 °C and 59% RH. Particularly, in the high current density region above 800 mA cm -2 , Nafion/S-SiO 2 outperforms the un-treated Nafion/SiO 2 significantly. At the current density of 1000 mA cm-2, the output voltage is measured as 0.598, 0.690, and 0.667V when the Nafion/SiO 2 membrane is sulfonated for 4, 10, and 16 h, respectively. While for the untreated Nafion/SiO 2 , the output voltage is 0.587 V at the same current density. It demonstrates that sulfonation is obviously beneficial to the elevated temperature & low humidity performance of the membranes. Fig. 10 . I-V curves of Nafion, Nafion/SiO 2 and sulfonated Nafion/S-SiO 2 composite membranes at 110 °C, 59%RH.
High temperature PEMFC system
The fuel cell system consists of gas supply subsystem, water and heat management subsystem, fuel cell stack, automatic control subsystem. A ten-cell stack based on sulfonation Nafion/S-SiO 2 -10h composite membrane was used in the fuel cell system, with single cell surface active area of 276 cm 2 . 90%(vol) glycol water solution was used as coolant in the heat management system, which has a boiling point of 140.6 ºC. Figure 11 gives assembled high temperature PEMFCs system. Table 2 gives the operate parameter of the high temperature PEMFCs system operating with H 2 /O 2 . Figure 12 gives stabilization testing of the high temperature PEMFCs operating. From Figure 12 , the performance of fuel cell stack based on Nafion/S-SiO 2 -10h composite membrane showed good stability under high operating temperature. The fuel cell system is also running with hydrogen and air. From the high temperature PEMFCs system testing in this work, no significant degradation of fuel cell performance was observed. However, further life-testing is required for investigating the mechanism of composite membrane degradation under high operating temperature.
Conclusion
The sulfonated Nafion/SiO 2 composite membranes were prepared by sulfonation of Nafion/SiO 2 composite membranes with concentrated sulfuric acid. Compared to untreated Nafion/SiO 2 , the sulfonated Nafion/SiO 2 composite membranes have lower water uptake and higher proton conductivities. The lower water uptake of sulfonation Nafion/SiO 2 composite membrane is due to the partly elimination of the surface -OH groups of the SiO 2 nano-particles. And, the high proton conductivity of Nafion/S-SiO 2 composite membranes can be well explained by the formation of the chemical bonds between -SO 3 H and the surface of SiO 2 nano-particles The diffusion fluxes of water across the Nafion212/SiO 2 composite membranes with different SiO 2 content were measured through steady state permeation. An empirical correlation of the water apparent diffusion coefficient of Nafion212/SiO 2 composite membrane as a function of SiO 2 content and temperature was obtained.
Single cells based on Nafion/SiO 2 composite membranes have been tested at temperature of up to 110°C and compared with the experimental results based on sulfnoation Nafion/SiO 2 composite membranes. Single cell tests show that the performance of Nafion/S-SiO 2 composite membranes substantially exceeds Nafion/SiO 2 at 110 °C and 59%RH, and in the initial testing stage no performance reduction is observed. 
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